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Abstract
Although facility scale thermal energy storage of sensible heat in the range of 200-550°C has achieved a high maturity, state-of-
the-art approaches are still not very cost effective. An innovative storage concept is thus proposed that avoids the two major cost-
driving factors of the concrete storage and 2-tank molten salt systems. First, the storage volume is comprised of low-cost sensible 
storage material such as concrete, natural stone or clinker bricks. These materials are several times cheaper than eutectic salt 
mixtures used in the 2-tank-storage system. Secondly, the system uses an intermediate air cycle, allowing for direct contact with 
the storage material. The necessary heat exchanger for transferring the heat from the primary oil loop to the intermediate air cycle 
consists of significantly less steel compared to the tube register inside the concrete storage. Dynamic models of the storage 
system have been implemented in a Matlab/Simulink environment to analyze its performance theoretically. The investigations 
show, that the overall performance and profitability of the storage system are mainly linked to the thermal efficiency and pressure 
drop of the heat exchanger, as well as the operation strategy. To demonstrate the feasibility of the storage concept and to 
investigate its performance characteristic under realistic conditions, a pilot scale test facility is set up.
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1. Introduction: Current technology for TES
Today’s state-of-the-art thermal energy storage (TES) technology used in solar thermal power plants is the two 
tank molten salt system, mostly applied as an indirect storage system for parabolic trough power plants using 
thermal oil as heat transferring fluid (HTF) in the absorbers. Further cost reductions of this concept are limited since 
capital costs for molten salt and corrosion resistant materials dominate total costs and are not subject to any 
noteworthy reductions.
The thermocline concept [1] suggests the application of filler materials, saving one of the storage tanks and 
substituting about 40% of the molten salt. Due to the thermocline, however, significantly less storage volume can be 
utilized, relativizing the cost savings to a certain degree. Furthermore, suitable materials which are inert to the 
molten salt and can withstand the mechanical stresses still have to be identified.
Steam accumulators are another well developed technology used for short term storage. Their high specific costs 
are designated by the costs for the pressure vessel. Therefore, no cost reductions can be expected from the economy 
of scale.
By storing the heat in low cost solid storage material, specific costs can potentially be reduced. The general 
problem arising here is that the primary working fluid cannot be brought into direct contact with the storage material. 
The concrete storage solves this constrain by embedding a tube register into the concrete material [2]. Such a 
regenerator type concept inevitably forms a thermocline inside the storage volume. Since power and capacity are 
coupled, this leads to a bad utilization of the tube register which raises the capital cost to a close region as the molten 
salt system.
Nomenclature
ܦ Storage Volume Diameter [m]
ܮ Storage Volume Length [m]
ߝ Porosity [kg/s]
݀௛௬ௗ Channel hydraulic diameter [m]
݀௣௔௥௧௜௖௟௘ Particle diameter [m]
ȟ ௘ܶ௫௜௧ Maximum change of exit temperature [°C]
ሶ݉ Mass flow [kg/s]
ߣ Conductivity of storage material [W/mK]
ߤ Dynamic viscosity [Pas]
ߩ Density [kg/m3]
ȯ Performance coefficient [-]
ߦ nondimensional length [-]
߬ nondimensional time [-]
ȣ nondimensional temperature [-]
2. The CellFlux storage concept
The idea behind the CellFlux concept is to decouple power and capacity as in the molten salt concept but still 
utilizing the advantage of solid low cost sensible material. Possible materials are, apart from concrete, bricks or any 
other loose packing material which can withstand temperatures in the range of 400°C to 550°C. These materials are 
likely to be found locally, reducing transportation costs and lifting the local share. Since the primary working fluid 
still cannot be brought into direct contact with the storage material, an intermediate working fluid has to be applied. 
The system can be divided into several modules, i.e. storage cells. The working principle of such a single cell is 
illustrated in Figure 1.
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Fig. 1. Basic concept of CellFlux storage module during charging mode
No liquid unites the following four demands of being (1) cost effective; (2) at ambient pressure; (3) applicable up 
to 400°C and (4) long term stable when in contact with said storage material. Hence, air as primary working fluid is 
suggested, but other gases such as CO2 are possible alternatives too. 
Advantages of the concept are the assembly out of standard components, the utilization of non-corrosive 
materials, no possible freezing of working fluids, ambient pressure level and low safety risks. However, due to the 
poor volumetric heat capacity of gases, parasitic losses as well as higher capital costs through larger heat transfer 
surfaces are subject to optimization. This optimization process can be divided into three major steps.
Step 1: Identification of possible components for a storage cell
For a single storage cell the following components have been identified [3].
x Vane axial fans are superior to radial fans due to their higher efficiency and low costs. 
x Parallel finned tube heat exchangers are the first choice. They offer high mechanical robustness, allow 
pressurized HTFs and are a very mature technology. However, Offset-Strip-Fin (OSF) heat exchangers 
might be a possible option for non-pressurized HTFs.
x In terms of the storage material, packed beds of natural stones or low cost regular shaped coring bricks are 
two options. The latter material shows a lower pressure drop per flow length but has slightly higher costs.
Apart from air as intermediate working fluid, other gases should be considered. From the energy balance the 
necessary mass flow rate of the intermediate working fluid is
ሶ݉ =
ሶܳ
ܿ௣ ڄ ȟܶ
   (1)  
From equation (1) can be seen that gases with higher heat capacities are advantageous. However, the altered fluid 
properties also affect pressure drop and heat transfer as well. Therefore, performance evaluation criteria used for 
heat exchanger assessment are adopted. Since only the working fluid is investigated, no sophisticated approach is 
necessary and the quotient of Nusselt and Euler number as the performance coefficient ȯ is used. Better 
performance is achieved with higher Nusselt number (better heat transfer) and lower Euler numbers (less pressure 
loss). Since Nusselt and Euler numbers are functions of Reynolds and Prandtl number, the performance factor can 
be written as a function of these two nondimensional numbers.
ȯ =
ܰݑ
ܧݑ
= C ڄ Re୫ ڄ ܲݎ௡ = ܥᇱ ڄ ൫ߤ ڄ ܿ௣൯
௡ି௠
ڄ ߣି௡  (2)  
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For the following comparison, turbulent flow is assumed. Table 1 summarizes Nusselt and Euler number for the 
heat exchanger (HE), a packed bed (PB) and regular shaped coring bricks (CB). When one performance coefficient 
is based on a second coefficient, only thermodynamic properties in the correlations are relevant, hence the 
description of other variables is relinquished here.
Table 1: Performance coefficients for different components
 Finned tube heat exchanger (HE) Packed bed (PB) Regular shaped coring bricks (CB) 
Nu 0.134 ڄ Re଴.଺଼ଵPr଴.ଷଷଷ ڄ ൬
a୤
l୤
൰
଴.ଶ
൬
a୤
Ɂ୤
൰
଴.ଵଵଷସ
 0.437 ή Re୮
଴.଻ହ ή Ȳଷ.ଷହ ή ɂିଵ.଺ଶ ή eଶଽ.଴ଷ(୪୭୥ஏ)మ 
 
0.023 ή Re଴.଼ ڄ Pr଴.ସ 
Eu 18.93 ڄ N୰ ڄ Reି଴.ଷଵ଺ ڄ ൬
X୲
d୰
 ൰
ି଴.ଽଶ଻
൬
X୲
X୪
 ൰
଴.ହଵହ
 1.75 ڄ
L
d୮ୟ୰୲୧ୡ୪ୣ
1െ ɂ
ɂଷ
 
1
2
ڄ
L
d୦୷ୢ
ڄ 0.3164 ڄ Reି଴.ଶହ 
ȯ 
C ڄ Re଴.ଽଽ଻Pr଴.ଷଷଷ C ڄ Re଴.଻ହ C ڄ Reଵ.ଶହ ڄ Pr଴.ସ 
Cᇱ ڄ ൫Ɋ ڄ c୮൯
ି଴.଺଺ସ
ڄ ɉି଴.ଷଷଷ Cᇱ ڄ ൫Ɋ ڄ c୮൯
ି଴.଻ହ
 Cᇱ ڄ ൫Ɋ ڄ c୮൯
ି଴.଼ହ
ڄ ɉି଴.ସ 
 Nu: Briggs & Young [4] Eu: Robinson and Young [5] 
Nu: Singh et al. [6] 
Eu:Ergun (Forchheimer)  [7] 
Nu: “Dittus-Boelter” [8] 
Eu: VDI heat atlas [9] 
Table 2 shows the values of the performance coefficient of different gases based on the value of air. Carbon 
dioxide shows slightly better performance than air and is therefore a promising alternative. Hydrogen appears 
superior but is likely to be a safety issue. Generally, gases with high molecular weights which are not hazardous, 
inert and cost effective could also be considered.
Table 2: Performance Coefficient for different gases at 340 °C and atmospheric pressure
 ߤ [10ି଺ܲܽ ݏ] ܿ௣ ൤
ܬ
݇݃ ڄ ܭ
൨ ߣ ൤
ܹ
݉ ڄ ܭ
൨ ȯ ȯୟ୧୰ൗ ቚுா
 ȯ ȯୟ୧୰ൗ ቚ௉஻
 ȯ ȯୟ୧୰ൗ ቚ஼஻
 
Air 31.256 1055.2 0.046 1 1 1
CO2 28.464 1082.2 0.043 1.07 1.05 1.09
H2 0.145 14556.3 0.334 3.21 7.86 4.68
CF4 0.305 1003.5 0.042 1.08 1.06 1.10
Step 2: Investigation and optimization of a single storage cell
For preliminary investigations, sizing tools for the heat exchanger and the storage volume have been developed. 
These tools allow altering two parameters as in a parametric study. Simultaneously, a third parameter is varied 
through an optimization routine in such a way that a given constraint is met.
For further considerations three possible parasitic load scenarios were defined, namely one, three and five MWel
electric power consumption of the complete storage system, integrated into a 50 MWel solar thermal power plant. As 
a standard case the scenario given in Table 3 was defined. In the chosen optimisation methodology for the storage 
volume, the outer dimensions (storage diameter D and length L) are altered. As third parameter, the particle 
diameter or the hydraulic diameter, respectively, has been chosen. This parameter is varied by the optimisation 
routine in such a way that the desired storage time is exactly reached. The second geometric material parameter is 
WKHSRURVLW\İZKLFKLVVHWWRDIL[HGYDOXH7KHSRURVLW\LVXVXDOO\DURXQGIRULUUHJXODUSDFNHGEHGVEXW can 
vary depending on the material. If particles of different sizes are mixed, the porosity can become less, if particles 
with low sphericity are used the porosity can be more. For a brick storage volume the porosity can be chosen freely 
but is assumed as 40% as well. Thermodynamic material properties are fixed for the chosen material. Finally, the 
last important variable is an operational parameter, namely the maximum allowed change of the exit temperature 
ǻ7exit before the storage operation mode is reversed. Result is a characteristic map, showing the corresponding 
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pressure loss and storage efficiency (Figure 2). The efficiency or utilization is the percentage of heat stored and 
removed during one cycle at cyclic steady state when compared to the maximum possible heat stored. That is, if the 
storage volume is uniformly heated to the charging temperature and then uniformly discharged to the discharge 
temperature.
Table 3: General assumptions for the standard configuration
Storage time 8 [h]
Number of CellFlux units 14
Heat flux per unit 10600 [kW]
Gas (air) mass flow 100 [kg/s]
Maximum rise of exit temperature before reversal 20 [°C]
Porosity 0.4 [-]
Material density 2750 [kg/m3]
Material heat capacity 820 [J/kgK]
Heat transfer medium air
Charging/Discharging temperature 390/290 [°C]
Heat exchanger log temperature difference 10 [K]
The picture shows for example that a storage with a cross sectional diameter of 24 m and an axial length of 10 m 
has a pressure loss in the range of 400 Pa. The diameter of the storage particle should be 0.04 m, whilst the 
efficiency is near to 50%.
Fig. 2. Characteristic map for a packed bed storage volume with basalt, maximum rise of exit temperature of 20°C, 40% porosity and an air 
mass flow of 100 kg/s
Figure 3 shows the corresponding results for a storage volume of coring bricks. Compared to the packed bed 
storage volume, the pressure losses are generally lower, the flow length can be extended. The same efficiencies are 
achieved at lower pressure losses. Further calculations with different porosities and maximum change of exit 
temperatures have been carried out. It turned out that great flexibility in the choice of the storage material exists. 
Generally, low pressure losses can be achieved which means that the design of the storage volume is mainly a 
question of practical considerations like the containment design or local availability of the storage material.
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Fig. 3. Characteristic map for a coring brick storage volume, maximum rise of exit temperature of 20°C, 40% porosity and an air mass flow of 
100 kg/s
An extensive parametric study of the heat exchanger came to the conclusion that an optimal finned tube geometry 
exists. Only the number and arrangement of the tubes is subject to an optimization of large surface area and less 
pressure drop or vice versa. Hence, it is a question of capital versus operational costs [10]. According to the 
aforementioned definition of three different parasitic load cases, three heat exchanger configurations for a single 
CellFlux module are possible. Table 4 shows the resulting heat exchanger dimensions and pressure losses for these 
three cases. As can be seen, parasitic loads have a strong influence on the heat exchanger size. The case with low 
parasitics of 72 kW per module, for example, has less tube rows but a larger width and more tubes per row which 
results in a larger frontal area. In total more finned tubes are necessary to compensate the lower flow velocity due to 
the larger frontal area. Compared to the case with high parasitics of 357 kW per module, the heat exchanger size can 
easily be doubled. When compared to the storage volume, the pressure losses inside the heat exchanger are 
dominant. Since the heat exchanger has much higher capital costs than the storage volume, further concern should 
be put into its optimization.
Table 4: Possible heat exchanger configurations
Parasitic load [kW] 357 214 72
Heat exchanger width [m] 3.0 3.8 6.8
Number of tubes per row 78 101 179
Number of tube rows 29 26 21
Total number of tubes 2262 2626 3759
Pressure loss air side [Pa] 3669 2144 660
Pressure loss oil side [bar] 10.5 7.1 3
Tube mass [t] 43.5 50.6 71.7
Fin mass [t] 16.0 18.6 26.4
The data from above was used for an exergetic analysis (Figure 4). Additionally, the entropy production in the 
steam generator was taken into account. It turned out that the entropy production in the CellFlux storage system is 
mainly caused by pressure losses and mostly in the heat exchanger, whereas in the steam generator the driving 
temperature differences contribute to entropy production.
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Fig. 4: Exergetic analysis of the power block and the CellFlux storage volume
It is possible to reduce these temperature differences in the steam generator by increasing its size, allowing higher 
temperature difference in a smaller CellFlux heat exchanger [11]. Therefore, not only the storage volume itself 
should be considered, the combination of steam generator and storage volume is essential. For this reason the 
CellFlux system will be investigated in compound with a power plant.
Step 3: Dynamic analysis of the storage cell in compound with a power plant
As a first step towards this dynamic analysis, detailed dynamic models have been developed. Each numerical 
model is implemented as a Level 2 S-Function block in a Matlab/Simulink environment. The respective partial 
differential equations (PDE) are transformed into a system of ordinary differential equations (ODE) with a spatial 
discretization. An implicit second order upwind scheme for convective and a central difference scheme for 
conductive heat transfer is applied. The ODE system is solved by Matlab’s implicit trapezoidal solver ode23t.
The storage volume is described with the finite conductivity model [12]. The negligence of radial temperature 
gradients perpendicular to the flow direction is justifiable due to the large storage volume dimensions. However, if 
larger elements are used as storage material, thermal gradients inside the material develop. The time-variant 
progression of these gradients affects the heat flux between solid and gas. Simplified approaches with a lumped heat 
transfer coefficient [13] are suitable for previously known period lengths only. Hence, the more sophisticated 
approach with spatial discretization of the solid phase has been chosen. Longitudinal conduction is also considered 
to cope with low or no flow velocities at all.
At this point, an interesting effect shall be investigated. It is the impact of the exit temperature rise on the storage 
efficiency. This effect can be best approached from the analytical solution of a packed bed storage volume at 
uniform temperature being charged. Fig. 5 shows the temperature difference between storage material and fluid 
somewhere during the charging process. The calculated temperature profile is from a numerical simulation. As can 
be seen from the picture, the curve fits very well into a Gaussian curve.
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Fig. 5. Temperature difference over storage length between fluid and solid in a packed bed storage volume having initially a uniform 
temperature and being charged
The following equation is the nondimensional analytical solution of the temperature difference profile from [14].
߆(ߦ, ߬) =
ߦ (1 െ ܥଵ) + ߬(1 െ 2ܥଵ + ܥଶ)
4߬ξߨ߬
exp ቈെ ൬
ߦ െ ߬
2ξ߬
൰
ଶ
቉  (3)  
The width of the gauss fit is indicated by the variable ı. Comparing this with the analytical solution, one can see 
that with increasing time Ĳ, the width of the temperature profile will increase until infinity. This is possible when the 
storage volume is reversed before the exit temperature rises considerably. The effect was verified by a numerical 
simulation, where the charging/discharging process was reversed after a small increase of the exit temperature of 
only 2 K. After 50 cycles an almost cyclic steady state was reached, which is shown in Figure 6. The temperature 
difference profile has become so wide, that is stretches over the whole storage volume length. Most important to 
note is, that because of this, the utilisation, i.e. efficiency, has dropped to a very low value.
Fig. 6. Start and end temperature profile of the storage material after reaching cyclic steady state with an allowed exit temperature rise of only 
2 K
The next picture shows the same storage volume operated with a maximum rise of exit temperature of 20K. The 
dashed line shows again the temperature profile of the 2K temperature rise case.
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Fig. 7. Start and end temperature profile of the storage material after reaching cyclic steady state with an allowed exit temperature rise of 20 K
From this picture can be seen that the efficiency benefits from the higher maximum exit temperature in two ways.
1. The curves are more spread through the longer periods. This effect is trivial.
2. The curves of the higher exit temperature difference run steeper. This is caused by the high temperature 
differences right after the reverse of the charging/discharging process which swage the temp.-profiles.
As those two examples show, the maximum exit temperature difference has a strong impact on the storage 
efficiency. The higher driving temperature difference, on the other hand, will cause more destruction of exergy.
In this investigation the effect of rising exit temperature on the overall exergetic efficiency has not been 
considered yet. For such an investigation the interaction of the CellFlux storage with the power plant needs to be 
modeled in detail. However, it might be assumed, that there exists an optimum exit temperature rise. Furthermore, 
the impact of this temperature rise is probably different during charge or discharge operation mode.
3. Experimental Setup
An illustration of the pilot scale test setup is shown in Figure 8. Its main purpose is to demonstrate the operation
of a CellFlux storage unit at various thermal loads. Due to the low temperature differences, the benefit from 
buoyancy effect is almost negligible. Hence, a horizontal flow direction has been chosen. The energy source for the 
HTF (Syltherm 800) is an electric heater and it is cooled by an air cooler. The air is driven by a centrifugal fan. 
Since this type of fan is operating only one-directional, a switching valve arrangement is used to divert the air flow 
into two possible directions. In charging mode, for example, the air flows through the heat exchanger first, where it 
is heated up to the desired temperature before it enters the storage volume where it is cooled down again.
Fig 8. Planned test facility. (a) centrifugal fan, (b) switching valves, (c) electric heater, (d) heat exchanger, (e) storage volume
After 50% of the flow length the oil stream can be bypassed, allowing to halve the heat exchanger’s dimensions. 
A brief summary of the pilot plant’s data is given in Table 5.
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Table 5: Data of test facility
Effective length of storage packing 10 m
Effective volume of storage packing 27.89 m3
Maximum power 100 kW
Air mass flow 0.72 kg/s
Oil mass flow 0.34 kg/s
Number of tube rows / tubes per row 25 / 24 -
Inlet temperature air / oil 290 / 390 °C
Exit temperature air / oil 380 / 280 °C
4. Conclusion and Outlook
By the application of low cost materials the CellFlux concept offers potential for significant cost reductions in 
solar thermal power plants with temperatures up to 550 °C. Optimization potential lies in the heat exchanger, since it 
is dominating the overall costs. These costs can be reduced by increasing the logarithmic temperature difference or 
other intermediate working fluids than air. However, as the exergetic analysis and the investigation of the exit 
temperature have shown, this optimization cannot be done by only focusing on the storage itself. The storage in 
compound with a complete power plant must be considered. The experimental results provided by a pilot scale test 
facility will help to validate the results of the simulation tools.
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